Candida is an important cause of infections in premature infants. Gastrointestinal colonization with Candida is a common site of entry for disseminated disease. The objective of this study was to determine whether a dietary supplement of medium-chain triglycerides (MCTs) reduces Candida colonization in preterm infants. Methods: Preterm infants with Candida colonization (n = 12) receiving enteral feedings of either infant formula (n = 5) or breast milk (n = 7) were randomized to MCT supplementation (n = 8) or no supplementation (n = 4). Daily stool samples were collected to determine fungal burden during a 3-week study period. Infants in the MCT group received supplementation during 1 week of the study period. The primary outcome was fungal burden during the supplementation period as compared with the periods before and after supplementation. Results: Supplementation of MCT led to a marked increase in MCT intake relative to unsupplemented breast milk or formula as measured by capric acid content. In the treatment group, there was a significant reduction in fungal burden during the supplementation period as compared with the period before supplementation (rate ratio, 0.15; P = 0.02), with a significant increase after supplementation was stopped (rate ratio, 61; P < 0.001). Fungal burden in the control group did not show similar changes. Conclusions: Dietary supplementation with MCT may be an effective method to reduce Candida colonization in preterm infants.
W
hile Candida spp. are commonly found as commensal, colonizing organisms in immunocompetent individuals, newborn infants are a unique population at risk for severe Candida infection. Term infants commonly develop mucocutaneous disease, such as diaper dermatitis or oral thrush. However, infants born preterm, in part because of immaturity of the developing immune system, are susceptible to invasive disease. Disseminated candidiasis is a particularly morbid etiology of late-onset sepsis in very low birth weight infants. In 1 large series, the mortality rate of all infants affected by invasive candidiasis was 32%. 1 However, if the etiologic organism was Candida albicans, the mortality rate reached as high as 44%. Additionally, among survivors of invasive candidiasis, the rate of severe neurodevelopmental impairment is high. 2 Given the high morbidity and mortality rates among affected infants, strategies for prevention of infection have received considerable attention. Risk factors for development of disseminated disease include low birth weight, gestational age at birth less than 32 weeks, vaginal delivery, use of central catheters, parenteral nutrition, use of H2 blockers, postnatal steroids and broad-spectrum antibiotics including third-generation cephalosporins. [3] [4] [5] [6] In recent years, preventive strategies have focused on those risk factors that are modifiable such as improved central line care, more judicious use of broad-spectrum antibiotics and use of prophylaxis with antifungal agents including fluconazole and/or nystatin. 7 These measures likely resulted in a decrease in rates of invasive disease despite increased survival rates of very low birth weight infants.
Another potentially modifiable risk factor for the development of disseminated disease is colonization of the gastrointestinal (GI) tract with Candida. GI colonization occurs commonly in infants admitted to the neonatal intensive care unit (NICU), most frequently with C. albicans, followed by Candida parapsilosis. 8 Further, up to 45% of infants with invasive disease have GI colonization with Candida before the onset of dissemination, and invasive infection by the colonizing strain has been well documented. 9 Of those who had GI cultures available, 40% had the same Candida strain isolated from both the GI tract and the blood. Therefore, reducing GI colonization represents an important strategy for reducing rates of invasive disease in preterm infants.
Fluconazole prophylaxis is effective in reducing invasive candidiasis and in preventing Candida colonization in very low birth weight infants in NICUs. 10, 11 However, it appears less effective in eliminating colonization once it occurs and therefore may not ultimately modify the relationship between colonization and subsequent development of invasive disease. 11 Additionally, the degree of exposure and duration of treatment raises concern for development of antifungal resistance. Although trials have not shown emergence of resistance in the face of prophylactic dosing, no study has been powered to specifically look at this outcome. Importantly, prolonged drug exposure also places infants at risk for toxicities. To mitigate these risks, current recommendations suggest fluconazole in neonates with birth weights <1000 g who are cared for in nurseries with high rates (>10%) of invasive candidiasis. 12 Alternative strategies continue to be sought which will reduce both colonization and invasive disease and avoid risks associated with the use of antifungal agents. Administration of lactoferrin holds promise as 1 such strategy and has been shown to reduce invasive disease, albeit without a detectable decrease in GI colonization. 13 In a well-established adult murine model of GI colonization with C. albicans, dietary fatty acids were found to have a significant impact on colonization.
14 Specifically, a diet containing coconut oil, which is high in medium-chain fatty acids, reduced the ability of C. albicans to establish colonization and reduced fungal burden in mice previously colonized with C. albicans. Moreover, a diet containing coconut oil together with beef tallow, which is high in long-chain fatty acids, still led to reduced colonization as compared with a diet containing only beef tallow. These data suggest that a change in the fatty acid composition of GI contents promoted by coconut oil may directly inhibit the establishment of colonization by Candida, and led to speculation that dietary supplementation with medium-chain fatty acids, in the form of medium-chain triglyceride (MCT) oil, would reduce GI colonization and thus invasive disease in humans. MCT oil has been a component of infant formulas for decades. It is also used as a dietary supplement in NICUs for improved nutrition in very low birth weight infants. MCT oil is thus known to be safe for administration to infants. Here, the hypothesis that dietary supplementation with MCTs will reduce the amount of Candida in the intestinal tracts of preterm infants was tested in a pilot study.
MATERIALS AND METHODS

Study Population and Eligibility
This pilot, open-label, randomized controlled trial included premature infants admitted to the NICU at Women & Infants Hospital of Rhode Island who were screened for GI Candida colonization from June 2014 to December 2015. Infants were eligible for screening if they were born prematurely (<37 weeks gestational age), were receiving full volume fortified enteral feedings and had an anticipated stay of at least 3 weeks. Exclusion criteria included gestational age >37 weeks, current receipt of parenteral nutrition or MCT oil, current or past exposure to antifungal medications, presence of a GI anomaly or stoma or an anticipated stay of less than 3 weeks. The study was reviewed and approved by the Women & Infants Hospital Institutional Review Board and was performed under Investigational New Drug (IND) 121549 from the US Food and Drug Administration. This study describes the use of MCT oil to reduce Candida colonization. This product is not labeled for prevention or treatment of disease.
Study Procedures
A stool sample was cultured from each eligible infant on YPD agar media (1% yeast extract, 2% peptone, 2% dextrose, 2% agar) containing streptomycin (100 µg/mL) and ampicillin (50 µg/ mL). Microbes grown from positive stool cultures were evaluated by microscopy to verify the presence of yeast. Parents of infants whose stool cultures yielded any detectable Candida were then approached for informed consent. Once informed consent was obtained, stools were sampled daily for 3 days to establish baseline colonization. Samples were weighed, suspended in sterile saline, diluted serially and cultured on yeast extract, peptone, dextrose agar media containing streptomycin and ampicillin. All samples were processed within 24 hours, a time period previously determined to have no effect on colony counts. Presence and concentration of organisms was recorded in colony forming units per gram of stool. Speciation of Candida was determined using the Vitek-2 system (BioMérieux, Durham, NC) according to the manufacturer's instructions. Infants who had cleared their stool colonization, defined as a colony count of less than 100 colony forming units per gram, during the 3 days of baseline stool sampling were excluded from the remainder of the study. Infants were randomized to MCT oil supplementation or no supplementation groups through the use of sequentially numbered opaque sealed envelopes. Infants were randomized to either receive supplemental dietary MCT oil (Nestlé Health Science, Vevey, Switzerland) at a dose of 0.5 mL/oz (4 kcal/oz) over the course of a 7-day period or no supplement. Neither staff nor family members were blinded to study group assignment. Infants in the NICU preferentially receive mother's own breast milk supplemented with bovine-based fortifiers when available. This milk is provided either fresh or thawed from frozen supplies. Commercial preterm formula (Similac Special Care, Abbott Nutrition, Lake Forest, IL, or Enfamil Premature, Mead Johnson Nutrition, Evansville, IN) was used when mother's breast milk was not available. Type, amount and caloric density of feedings were determined by the clinical team caring for each infant. Daily stool samples, as available, were collected during the treatment period and for up to 10 days after discontinuation of supplementation. For infants receiving maternal breast milk, a daily sample of breast milk was collected for fatty acid analysis. For formula fed infants, type and caloric density of formula were recorded. Additionally, selected demographic data were obtained from each enrolled infant's medical record.
Safety Monitoring
Infants were followed closely by study personnel for any signs of intolerance. Predefined signs of intolerance included feeding intolerance, defined as any clinical event related to feeding (gastric aspirates, emesis, abdominal distension) that results in a reduction or withholding of enteral feedings for a period of 24 hours or more, diarrhea, necrotizing enterocolitis, poor weight gain or excessive weight gain. No signs of intolerance, adverse events or safety concerns were identified for any subjects throughout the study.
Fatty Acid Analysis
Representative breast milk samples obtained from infants receiving breast milk before and after the supplementation period were subjected to fatty acid analysis. Breast milk lipids were extracted after the addition of an internal standard (C17:0), 15 followed by saponification and methylation. 16 The resulting fatty acid methyl esters were analyzed using an established gas chromatography method. 17 Peaks of interest were identified by comparison with authentic fatty acid standards (Nu-Chek Prep, Inc., Elysian, MN) and expressed as mg/mL. Capric acid (C10:0) was used as a proxy for total medium-chain fatty acids. The amount of capric acid added to supplemented infants was calculated based on the known content in the MCT oil supplement.
Statistical Analysis
Demographic characteristics and morbidities were compared between groups using Wilcoxon tests for continuous variables and Fisher exact test for categorical variables. Fungal burden counts were compared between groups using negative binomial regression within time period (before, during, after) with generalized estimating equations adjustment for multiple measures per individuals within time. Statistical analyses were conducted with SAS 9.3 (SAS Institute, Cary, NC).
RESULTS
Study Population Demographics
Two hundred thirty-seven infants were screened for inclusion during the study period (Fig., Supplemental Digital Content 1, http://links.lww.com/INF/D91). Of these, 43 (18%) were colonized with Candida. Seventeen infants were enrolled during the study period; 6 infants were randomized to no supplementation and 11 infants were randomized to MCT oil supplementation. Two infants in the control group and 3 infants in the supplementation group were excluded from subsequent analysis because stool colonization had cleared after screening and before MCT treatment. Timing of enrollment for each subject is depicted in the 
Candida spp.
There were a variety of Candida spp. that colonized the GI tracts of enrolled infants (Table 1) . C. albicans was the most common species colonizing infants enrolled in the MCT oil supplementation group, while C. parapsilosis was most common in infants randomized to receive no supplementation. Additional colonizing species were Candida lusitaniae and Candida rugosa.
Total Dose of MCTs Received
For breast milk fed infants, the fatty acid composition of breast milk samples before and after the supplementation period was determined by fatty acid analysis. Information on the fatty acid content of commercial formulas is available. To compare the medium-chain fatty acid contents of feeds given to infants, capric acid, a medium-chain fatty acid (C10) that comprises 28% of the supplemented MCT oil, was used as a proxy for total medium-chain fatty acids. The amount of capric acid received by all infants before and after the supplementation period and the calculated additional capric acid received by supplemented infants is depicted in Figure 1 . Regardless of whether the infant received breast milk or formula feeds, the MCT oil dose (4 kcal/oz) provided a substantially increased level of dietary capric acid during the supplementation period. This increase was detected irrespective of the prescribed caloric density of the feeds.
GI Fungal Burden
Overall infant stool fungal burden by time period throughout the study duration is depicted in Figure 2 . To estimate the direction and magnitude of the effect of MCT supplementation on stool fungal burden while accounting for multiple measures from each individual, a longitudinal generalized estimating equations model using a negative binomial distribution was applied to determine the rate ratio (RR) reflecting the change in stool colony counts between time periods. Day was included in the model to adjust for possible temporal processes affecting colony counts (P < 0.001). Compared with the period before supplementation, colony counts during the supplementation period were significantly lower in those infants who received MCT oil (RR, 0.15; P = 0.02). Colony counts in the period after supplementation increased compared with those during supplementation (RR, 61; P < 0.001). In the control group, no change in colony counts was detected in the "during" period (RR, 0.98; P = 0.9), while there was an increase of smaller magnitude comparing the period "during" to "after" (RR, 8.1; P < 0.001).
To assess the changes in fungal counts in each individual subject, the average colony counts in the time periods before and during supplementation were determined for each subject, and the fold change for each individual during the supplementation period was calculated relative to the period before supplementation. On average, infants in the control group increased their colony count during the "supplementation" period by 3-fold, whereas the MCT treated group had an average 84% reduction in colony counts.
Comorbidities
A between-group comparison of comorbidities is depicted in Table 2 . No infants had sepsis or necrotizing enterocolitis. Other morbidities were similar between groups. Chronologic age and corrected gestational age at discharge or transfer were likewise similar between groups. One infant in the MCT oil supplementation group was transferred to an outside facility at 32 weeks corrected gestational age. All enrolled infants survived to discharge or transfer. Candida albicans, n 5 1 Candida parapsilosis, n 0 2 Candida lusitaniae, n 2 1 Candida rugosa, n 1 0 FIGURE 1. Total capric acid received per subject per mL of feeding before, during and after MCT oil supplementation. Subjects 1-4 were in the control group and subjects 5-12 received MCT supplementation. Subjects 4 and 9-12 received formula feedings. Fatty acid composition of feeds given to infants at various times was determined as described in Materials and Methods.
DISCUSSION
Candida colonization of the GI tract in premature infants frequently precedes the development of invasive disease. 9 The GI tract is uniquely accessible to an oral therapy that could act directly to eliminate colonization, obviating the need for systemic therapy. The use of oral nystatin to reduce colonization has suggested that such an approach can be effective. 18, 19 Although pilot in nature, our study provides preliminary evidence that the use of nutritional supplementation with oral MCTs may be an effective approach to reduce GI Candida colonization in preterm neonates while avoiding exposure to pharmaceutical agents.
Studies of the acquisition of Candida colonization over time suggest that a preterm infant remains at risk for colonization throughout the duration of his/her admission to the NICU. 20, 21 Colonization with C. albicans occurring within the first week of life represents vertical transmission from mother to infant, whereas colonization occurring after week 2 or with non-albicans species most likely occurs through horizontal transmission. 22 Additionally, breast milk represents a unique exposure to neonates and colonization of breast milk with Candida spp. has been linked to yeast colonization in infants. 23 As such, breast milk serves as a potential ongoing yeast exposure for infants throughout the neonatal period. Therefore, any effective prophylactic regimen meant to prevent or eliminate GI colonization likely requires ongoing administration. A nonpharmacologic therapy based on administering a supplement with a well-established safety profile, such as MCT oil, is an attractive and cost-effective option.
The mechanism of action by which MCTs exert an effect on Candida is not fully elucidated. Incubation of C. albicans in the presence of medium-chain fatty acids in vitro, in particular capric acid, results in disruption of the plasma membrane leading to disorganization of the cytoplasm and ultimately to cell death. 24 These findings suggest a direct cytotoxic effect of MCT on fungal cells. Other potential effects of capric acid on C. albicans virulence include reduction in hyphae formation, adhesion and biofilm formation. 25 Additional evidence from a murine model of C. albicans colonization points to an indirect effect through a reduction in the availability of long-chain fatty acids in the GI tracts of mice fed a diet high in medium-chain fatty acids. This reduction in long-chain fatty acids may inhibit GI colonization by C. albicans because of reduced energy sources. 14 A potential advantage of MCT oil over chemoprophylaxis for Candida colonization is its apparent efficacy across Candida spp. Fifty-two Candida isolates from clinical specimens representing 6 different species were tested for their susceptibility to either coconut oil or fluconazole. 25 All species were sensitive to coconut oil, whereas 8% of isolates were resistant to fluconazole at the highest concentration tested (128 µg/mL). Even species intrinsically resistant to fluconazole demonstrated some susceptibility to coconut oil in this series. Our data are consistent with these observations; MCT oil was effective in patients regardless of the colonizing species. However, the species of Candida colonizing infants in the control group were largely non-albicans species while more than half of the MCT supplemented infants were colonized with C. albicans. Differing species between groups may confound our results.
While our findings are consistent with those found in the mouse model of C. albicans colonization, there are limitations to our study. The reduction in GI Candida colonization seen is potentially multifactorial. The diet provided to enrolled infants was not standardized and therefore heterogeneity in nutrition may exert its BPD indicates bronchopulmonary dysplasia; D/C, discharge; IVH, intraventricular hemorrhage; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; ROP, retinopathy of prematurity.-
